Purpose The aim of this study was to examine molecular subtype conversions in patients who underwent neoadjuvant chemotherapy (NAC) and analyze their clinical implications.
Introduction
Neoadjuvant chemotherapy (NAC) is widely accepted as the standard of care for locally advanced breast cancer. Studies have confirmed that NAC can be used to downsize operable breast tumors, both to increase the rate of breast conservation in patients eligible for mastectomy and to achieve better cosmetic results after breast conserving surgery, without compromising long-term outcomes of breast cancer treatment [1] [2] [3] . Accordingly, the rate of NAC use has shown a considerable increase. However, there is concern that hor- mone receptor (HR) and human epidermal growth receptor 2 (HER2) receptor status can be altered by NAC [4, 5] . While some studies reported no change, others have demonstrated changes in estrogen receptor (ER), progesterone receptor (PR), and HER2 receptor status, as described in a recent review by van de Ven et al. [5] . Switching to a positive HR status after NAC was also reported to indicate a better prognostic outcome [6, 7] .
ER, PR, and HER2 status are well-established prognostic and predictive biomarkers. Patients with a positive HR status have better long-term outcomes whereas those with a positive HER2 status have a poorer prognosis. Endocrine therapy significantly improves the prognosis of patients with HR expression, and prolonged duration of endocrine therapy is now reported to show benefit [8] . Similarly, anti-HER2 targeted therapy in HER2 positive patients significantly improves the long-term outcomes of patients with a HER2 positive status [9] . Tumor responses to chemotherapy also differ according to the expression of these biomarkers, and these responses, in turn, are predictive of recurrence-free survival (RFS) and overall survival (OS) [10] . Therefore, decisions regarding both neoadjuvant and adjuvant therapy and the regimens employed are heavily dependent on the HR and HER2 status of the tumor.
Genomic expression profiling of breast cancers brought about a new classification for breast cancers, with the most common subtypes being luminal A and B, HER2 and basallike types. This classification enables better prognostication, and may further refine the choice of therapy for individual patients [11] . Although genomic profiling is still not performed routinely for each patient, due to its high cost and the need for technical expertise, immunohistochemical (IHC) analyses of protein biomarkers can be used to determine the approximate molecular category [12] [13] [14] . Onitilo et al. [14] reported that molecular subtype classification according to ER, PR, and HER2 status provided useful prognostic and therapeutic information on the four major molecular subtypes (luminal A, luminal B, HER2, and basal-like/triple negative [TN] ).
The aim of this study was to examine the changes in IHCbased molecular subtype in patients who underwent NAC at our institution. We also analyzed the patients according to their HR status and changes in their ER and PR Allred scores, and examined the impact of these changes on longterm outcomes.
Materials and Methods

Patients
We retrospectively reviewed our database for records of consecutive patients who underwent NAC at National Cancer Center, Korea, between August 2002 and June 2011.
Diagnostic core biopsies were performed before NAC in all patients. Patients for whom data on HR and HER2 status were available were included in the analysis. Those with metastatic disease at diagnosis, bilateral breast cancers, and those who had received any previous treatment for breast cancer were excluded.
HR and HER2 status determination and molecular subtype grouping
Paraffin sections of the tumors were subjected to IHC analyses to determine the ER, PR, and HER2 status. ER expression was assessed using the antibody clones 6F11 or SP1, while PR expression was examined using the antibody clones 1A6 or 1E2 (Ventana Medical Systems, Tucson, AZ). Reactivity of more than 1% was defined as positive for both receptors. ER and PR expression were also quantified using the Allred scoring system. Patients with ER and/or PR positivity were classified as HR positive.
The HER2 status was determined using rabbit polyclonal antibodies (Dako, Glostrup, Denmark). HER2 overexpression was defined as membrane staining of 3+ (HER2+), while 1+ and 0 were defined as HER2 negative (HER2-). Fluorescent in situ hybridization (FISH) was performed when the HER2 IHC scores were equivocal (2+), and also when the physician in charge wanted to confirm the IHC results. FISH was performed using the PathVysion Kit (Abbott/Vysis Laboratories, Abbott Park, IL), and HER2 gene amplification was defined as HER2:chromosome 17 ratio of ! 2.2. Whenever FISH tests results were available, they took precedence over the IHC results. Tumors without FISH testing despite an equivocal IHC score were excluded from this study.
Using the above receptors' status, patients were divided into four molecular subtype groups for analyses: (1) HR+ and HER2-, (2) HR+ and HER2+, (3) HR-and HER2+, and (4) HR-and HER2-or TN.
Treatments
As many of the patients were also participants in various clinical trials of NAC that were being conducted at the National Cancer Centre, Korea, during this period, the NAC regimens were not uniform for all patients [15, 16] . The regimens included four cycles of doxorubicin and cyclophos-phamide, four cycles of doxorubicin and cyclophosphamide followed by four cycles of either docetaxel or paclitaxel, six cycles of doxorubicin and docetaxel, four cycles of paclitaxel and gemcitabine, and six cycles of paclitaxel, gemcitabine, and trastuzumab or lapatinib. Anti-HER2 therapy containing NAC was not yet approved for use by the national health insurance scheme during our study period, and only 29 patients received anti-HER2 containing NAC therapy, mostly under the protocols of clinical trials [17, 18] . Anti-HER2 therapy consisted of trastuzumab or lapatinib [19] for a total duration of 1 year, irrespective of whether it was administered as neoadjuvant or adjuvant therapy. All patients who underwent conservative breast surgery and patients with clinical tumor sizes ! 5 cm and/or clinical N2 and N3 disease were offered adjuvant radiation therapy. Adjuvant endocrine therapy was also offered to all patients with HR positive tumors at the discretion of the physician in charge.
Statistical analysis
All statistical analyses were performed using STATA ver. 10 (StataCorp LP, College Station, TX). Differences in categorical variables were analyzed using chi-square test, and differences in continuous variables were evaluated using analysis of variance. A pathological complete response (pCR) was defined as the absence of any invasive or in-situ tumor on pathological examination, both in the primary breast and in the lymph nodes. This definition was in accordance with the international expert panel recommendations published by Kaufmann et al. [20] . RFS was defined as the time from the date of diagnosis to the date of local or distant recurrence. OS was defined as the time from the date of diagnosis to death from any cause, or to the date of the last follow-up for living patients. RFS and OS curves were plotted using the Kaplan-Meier method, and compared using the log-rank test. Multivariate Cox regression analysis was used to estimate the hazard ratio, the 95% confidence interval (CI), and the Values are presented as number (%). HR, hormone receptor; HER2, human epidermal growth factor 2; TN, triple negative; NAC, neoadjuvant chemotherapy. Ki-67, lymphatic invasion, and vascular invasion were recorded from the surgical specimen (after NAC), c)
Response to NAC: decrease in pathological stage of surgical specimen (after NAC) compared to clinical stage. effects of the clinical and pathological variables. A two-sided p-value of < 0.05 was considered statistically significant.
Ethics
This study was reviewed and approved by the Institutional Review Board of National Cancer Center, Korea.
Results
Patient characteristics
Of 4,460 patients who underwent surgery for invasive breast cancer at our institution during the study period, 449 consecutive patients received NAC. Of these patients, 322 had available data on their HR and HER2 status, both from diagnostic core biopsy specimen analysis prior to NAC and the surgical specimen after NAC. The median patient age was 46.0 years (range, 26.0 to 76.0 years), and the median follow-up period was 63.0 months (range, 5.0 to 110.0 months). Clinically, 24.4% of the tumors were stage II and 75.6% were stage III. In IHC analysis before NAC, 61.2% of the tumors were ER positive (ER+) and 61.8% of the tumors were PR positive (PR+). In total, 242 tumors (71.2%) were HR+ at diagnosis. There were 100 HER2+ tumors (31.1%), and 55 TN tumors (17.1%).
A pCR was achieved in 32 patients (9.9%); 6.6% in the HR+/HER2-group, 13.8% in the HR+/HER2+ group, 25.7% in the HR-/HER2+ group, and 5.5% in the TN group. These patients were excluded in further analysis.
Changes in molecular subtypes after NAC
Of the 332 tumors, 167 (51.9%) were HR+/HER2-, 65 (20.2%) were HR+/HER2+, 35 (10.9%) were HR-/HER2+, and 55 (17.1%) were TN. The patient and tumor characteristics according to the 4 molecular subtypes are shown in Table 1 . Subtype changes occurred in 23.1% of tumors treated with NAC (Table 2) . HR+/HER2-tumors tended to lose their HR expression (10.3%) to become TN, and TN tumors, in contrast, frequently gained HR expression to become HR+/HER2-(34.6%). In addition, HR+/HER2+ tumors showed a higher tendency to lose their HER2 positivity (21.4%) than their HR positivity (10.7%). HR-/HER2+ tumors gained HR positivity to form HR+/HER2+ tumors (38.5%) more often than they lost HER2 overexpression to become TN tumors. Values are presented as number (%). HER2, human epidermal growth factor 2; NAC, neoadjuvant chemotherapy; HR, hormone receptor; TN, triple negative. Values are presented as number (%). ER, estrogen receptor; PR, progesterone receptor.
Changes in the HR status, HER2 status, ER and PR Allred scores after NAC
In total, 52 tumors (17.9%) underwent HR status conversions, and 17 tumors (5.9%) showed changes in HER2 status. Regarding the HR status, the change from HR-to HR+ was significantly more frequent than the change from HR+ to HR-(37.2% vs. 10.8%; p < 0.001). While no tumors of the HER2-phenotype changed to HER2+ after NAC, 20.7% of HER2+ tumors became HER2-tumors (Table 2) . ER Allred scores showed more stability than PR Allred scores, with PR Allred scores showing a tendency to decrease after NAC (Table 3 ). 
Molecular subtype conversions and clinical outcomes
The 5-year RFS rates of the HR+/HER2-, HR+/HER2+, HR-/HER2+, and TN groups at diagnosis were 76%, 84%, 85%, and 48% respectively, and the 5-year OS rates for these groups were 86%, 85%, 85%, and 59% respectively. These differences were statistically significant (p < 0.001).
The RFS and OS of patients with the more common molecular subtype conversions were analyzed. Compared to patients who maintained a molecular subtype of HR+/ HER2-tumors before and after NAC, those who underwent conversion from HR+/HER2-to the TN type showed significantly worse prognosis (Fig. 1) . In multivariate analysis with covariates of tumor grade, clinical stage, Ki-67 after NAC and response to NAC, this change continued to demonstrate a significantly worse outcome in terms of both RFS (hazard ratio, 3.54; 95% CI, 1.60 to 7.85) and OS (hazard ratio, 3.73; 95% CI, 1.34 to 10.38). In contrast to the TN to TN group, patients who converted from TN to HR+/HER2-showed better RFS and OS, which was not significantly different from that of the HR+/HER2-group (Tables 4 and 5 ).
HR status conversions, ER and PR Allred score changes and clinical outcomes
Changes in HR status after NAC were classified as: HR+ to HR+, HR+ to HR-, HR-to HR-, and HR-to HR+. RFS and OS differed significantly among the four groups (p < 0.001) (Fig. 1) Ki-67 was recorded from the surgical specimen (after NAC), c)
Response to NAC: decrease in pathological stage of surgical specimen (after NAC) compared to clinical stage. HR-to HR+ conversions appeared to have better RFS (hazard ratio, 1.32; 95% CI, 0.64 to 2.74) and OS (hazard ratio, 1.64; 95% CI, 0.23 to 4.30) than those who remained HR-(for RFS: hazard ratio, 2.01; 95% CI, 1.10 to 3.69; for OS: hazard ratio, 3.68; 95% CI, 1.80 to 7.49). RFS and OS did not differ significantly with changes in the HER2 status or ER and PR Allred score after NAC (data not shown).
Discussion
We found that breast tumors underwent frequent molecular subtype conversions after NAC. The rate of change in HR status noted in our study (17.9%) is in agreement with the rates reported by Tacca et al. [6] and Hirata et al. [7] (16% and 23%, respectively). In addition, HER2 status tended to change less frequently than the HR status in response to NAC, as reported in other studies [5, 7] .
According to our results, changes in the molecular subtypes of tumors after NAC could alter the patient prognosis. In our study, HR+/HER2-patients who converted to TN had a significantly shorter RFS and OS than those who remained as HR+/HER2-, and both RFS and OS of those who converted from TN to HR+/HER2-improved compared to those who remained as TN. Although all patients with HR+ status were treated with endocrine therapy, the outcomes of patients who converted from HR+ to HR-status were also worse than those who remained HR positive. In agreement with our findings, Tacca et al. [6] found that patients with a change from HR-tumors to HR+ tumors after NAC had better disease-free survival (DFS) and OS than those in whom the status of HR-tumors did not change. In Ki-67 was recorded from the surgical specimen (after NAC), c)
Response to NAC: decrease in pathological stage of surgical specimen (after NAC) compared to clinical stage. addition, Chen et al. [21] reported that patients who switched from HR+ to HR-status had poorer DFS and OS when compared to those who remained HR+; they also found that adjuvant endocrine therapy did not confer a survival benefit in patients in whom the status of HR+ tumors changed to HR-. In contrast, Hirata et al. [7] , showed that endocrine therapy significantly improves the DFS and OS in patients who had HR status conversions.
To the best of our knowledge, this is the first study exploring the changes in the HR/HER2 subtypes before and after NAC. This subtype grouping provides more specific information regarding the biologic and behavioral characteristics of tumors than the individual consideration of the ER, PR, or HER2 status. Although the patient numbers in most of the molecular subtype conversion groups were small, this study provides meaningful information on the frequency and trends in the changes of each subtype, as well as the clinical impact of the molecular subtype conversions.
We acknowledge that this study had some limitations. First, it was retrospective in nature, although our breast cancer database is prospectively maintained. Therefore, it was not possible to control for the type of NAC or adjuvant treatment that the patients received, or to exclude selection bias. There were also some missing data in our study, which is an inherent problem in retrospective studies. However, as the amount of missing data is small we do not expect the results to be significantly affected. Second, we classified the molecular subtype of tumors only according to the HR and HER2 status, and our molecular subtype approximation would have correlated better with the four major molecular subtypes (luminal A and B, HER and basal-like), if we had other available data on the core biopsy specimens such as Ki-67, cytokeratin 5/6 or HER1 [12, 13, 22] . However, our method is a simple and convenient way to estimate a tumor's subtype and involves the use of biomarkers that are routinely tested in clinical practice. In addition, its usefulness was previously demonstrated in other studies [14, 23, 24] . Finally, unlike IHC, FISH was performed only once during the course of treatment, which could have affected HER2 status determination. We found no statistically significant difference in the long term outcomes of patients who showed changes in their HER2 status, likely because most patients did not receive HER2-targeted treatment during the study period. In the era of HER2-targeted therapy, long term outcomes of patients with HER2 status conversions may differ significantly, and we await further results from future studies on this patient group.
Conclusion
Molecular subtypes of breast cancers changed frequently after NAC and these changes showed correlation with longterm prognosis. Thus, molecular subtypes should be reassessed routinely after NAC using surgical specimens. Understanding the patterns of change in each molecular subtype could provide important predictive and prognostic information, as breast cancer management becomes more individualized.
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